The 
INTRODUCTION
The Eocene-Oligocene transition (EOT; ca. 33-34 Ma) was a critical interval in Cenozoic climate and marks the junction from an early Paleogene 'greenhouse' world to the current 'icehouse' conditions. The EOT is associated with distinct positive steps (>1‰) in the oxygen isotope (δ 18 O) records of deep sea benthic foraminifera (e.g., Kennett and Shackleton, 1976; Miller et al., 1991; Zachos et al., 1996; Coxall et al., 2005) . The largest δ
18
O increase, commonly referred to as Oligocene Isotope-1 (Oi-1; Miller et al., 1991) represents the establishment of continental-scale Antarctic ice sheets, further indicated by a signifi cant drop in global sea level and an increase in ice-rafted debris in the Southern Ocean (Kennett and Shackleton, 1976; Miller et al., 1991; Zachos et al., 1996) . The EOT is also characterized by extinctions and assemblage changes in marine and terrestrial fauna and fl ora (e.g., Prothero et al., 2003) , a major deepening of the calcite compensation depth (van Andel and Moore, 1974; Coxall et al., 2005) , terrestrial cooling (Zanazzi et al., 2007) , changes in atmospheric circulation (Xiao et al., 2010) , increased aridification (Dupont-Nivet et al., 2007) and seasonality (Ivany et al., 2000; Eldrett et al., 2009 ). The shift from greenhouse to icehouse mode was relatively rapid (<300 k.y.), and likely associated with a minimum in Earth's long-term obliquity and eccentricity cycles (Coxall et al., 2005) .
Situated on the northwestern perimeter of the tropical Atlantic Ocean, the Gulf of Mexico is part of the Western Hemisphere Warm Pool, which through the boreal summer is the principal heat source for the Western Hemisphere extratropics (Wang and Enfi eld, 2001 ). Thus, variations in Gulf of Mexico sea-surface temperatures (SSTs) can potentially impact heat transport and high latitude temperatures and vice versa. Detailed reconstructions of the evolution of ocean temperature, and particularly subtropical/tropical SST, are essential to understand climate forcing mechanisms involved and the distribution of oceanic heat during the early stages of cryosphere development. Climate modeling experiments and CO 2 proxies suggest that decreasing atmospheric CO 2 may have been the primary mechanism for cooling and ice volume increase (DeConto and Pollard, 2003; Pearson et al., 2009 ). However, there are considerable differences in the scale of marine and terrestrial temperature change through the EOT; ranging from negligible (e.g., Kobashi et al., 2001; Kohn et al., 2004; Grimes et al., 2005; Sheldon, 2009 ) to more than 5 °C (e.g., Zanazzi et al., 2007; Schouten et al., 2008; Liu et al., 2009) . Marine sediments containing suffi ciently well-preserved planktic foraminifera and organic matter through the EOT are rare. No consensus has yet been reached on the extent of temperature change (notably cooling) and whether high latitudes cooled signifi cantly while the tropics remained relatively unaffected.
Here, we document the timing and magnitude of temperature change in the Gulf of Mexico during the EOT by presenting a multiproxy subtropical SST reconstruction (~15-34 k.y. resolution) from the St. Stephens Quarry (SSQ) corehole, Alabama, United States. This site contains well-preserved microfossils that have not been fully utilized yet for their paleoclimatic geochemical signatures, and thus provides the opportunity to investigate the transition from a hothouse to icehouse world, and to document major steps in climate evolution. Temperatures are constrained through independent proxies; the Mg/Ca of well-preserved planktic foraminifera and the record of archaeal derived glycerol dialkyl glycerol tetraethers (GDGTs, expressed as the TetraEther index of 86 carbon atoms, TEX 86 ).
METHODS AND PROCEDURES
St. Stephens Quarry corehole, Alabama (31º33'N, 88º02'W; paleodepth 50-100 m; Miller et al., 2008 ) is a classic locality for bio-, litho-and sequence-stratigraphic studies of the EOT (e.g., Mancini and Waters, 1986; Keigwin and Corliss, 1986; Miller et al., 2008) . Deposition occurred continuously above the lysocline and the sediments are rich in both organic molecular-and microfossils and carbonate microfossils and macrofossils, in contrast to many open ocean deep-sea sites. The well-preserved molecular-and microfossils at this site allow a multiproxy approach that can be tied to previous studies of lithologic, temperature, and sea-level changes Katz et al., 2008) . Geochemical analyses were conducted on the SSQ corehole from 23 to 52 m (76-170 ft), spanning the Marianna Formation to the Pachuta Marl Formation (lower Oligocene−upper Eocene; ca. 32-35 Ma).
Stratigraphic control for the SSQ corehole is derived from stable isotope-and magneto-stratigraphy, coupled with planktic foraminiferal, calcareous nannofossil and dinofl agellate biostratigraphy (see the GSA Data Repository 1 for details). A study of the archive core in conjunction with newly generated stable isotope and organic walled dinofl agellate cyst (dinocyst) assemblage data has led us to revise the previously published age model of Miller et al. (2008) and Katz et al. (2008) . Our revised age model indicates that the SSQ corehole does not fully capture the base of Chron C13n and thus the δ 18 O excursion representing Oi-1, due to an ~200 k.y. hiatus (Fig. 1) .
To reconstruct changes in temperature and water column structure in the Gulf of Mexico, planktic foraminifera Turborotalia ampliapertura were picked (250-300 μm size fraction) for stable isotope and trace element analyses. Stable isotope analyses were also performed on Pseudohastigerina naguewichiensis (63-125 μm size fraction) and Hantkenina spp. (250-355 μm size fraction). Details of foraminiferal preservation and geochemical methods are available in the Data Repository.
The calculation of SSTs from T. ampliapertura Mg/Ca follows Lear et al. (2008) . We use the multispecies equation of Anand et al. (2003) and a Mg/Ca seawater ratio of 4.3 mmol/mol (Wilkinson and Algeo, 1989) . A +0.7 °C SST correction is applied to T. ampliapertura paleotemperatures to account for the ~0.18‰ δ 18 O offset between this taxon and uppermost mixedlayer dwellers P. naguewichiensis (Tables DR2  and DR3 ) in the Data Repository.
The uncertainty in estimating the temperature change during the EOT with planktic foraminiferal Mg/Ca is about ± 1.5 °C (σ1), largely due to the variability among replicated samples (estimated here to be ~1 °C) and the error associated with the temperature sensitivity of the calibration (1.2 °C; Anand et al., 2003) . Although we cannot determine the temperature sensitivity of the extinct species, T. ampliapertura, it is likely that the uncertainty in the modern multispecies calibration is applicable to extinct taxa. The uncertainty in estimating absolute SST is, however, signifi cantly larger, as it is also confounded by the uncertainty in the Mg/Ca of the contemporaneous seawater. While different models suggest substantially different seawater ratios for the Eocene, e.g., ~4.3 mmol/mol (Wilkinson and Algeo, 1989) and ~2 mmmol/mol (Demicco et al., 2005) we note that much lower ratios than the one chosen here yield unreasonably high SSTs. Within these constraints, we estimate the combined error for the absolute SSTs to be about ±2.2 °C.
Forty-one samples were investigated for TEX 86 indices and transformed to mean annual SSTs following the temperature calibration model (TEX 86 H ) of Kim et al. (2010) . This calibration model is based on a large core tope data set that excludes data from (sub)polar environments. There is no reason to assume that the temperature dependency of the archaeal lipid distribution in the Eocene/Oligocene Gulf of Mexico was substantially different in the modern Gulf of Mexico, as might be the case for the high latitudes and the application of the TEX 86 L calibration model. Samples with a branched isoprenoid tetraether (BIT) index (Hopmans et al., 2004 ) with values >0.4 were discarded, since this may point toward elevated input of GDGTs from soil organic matter and may have obscured TEX 86 paleothermometry (Weijers et al., 2006) . About half of the analyzed samples were run in duplicate, the reproducibility is better than 0.5 ºC, and in most cases better than 0.25 ºC. The residual standard error for the TEX 86
H calibration model is 2.5 °C (Kim et al., 2010) . All data are available in the Data Repository.
RESULTS AND DISCUSSION
The agreement between the molecular organic and foraminiferal based SSTs is remarkable in terms of trends and absolute temperatures (commonly within 0.6 °C; Fig. 1 ). We emphasize that these proxies are derived independent from one another. Uncertainties in the SST estimates include the effects of seasonality and depth habitat of archaea and the Mg/Ca of seawater, however, our results provide renewed confi dence in these proxies for reconstructing paleo-SSTs.
Substantial Cooling through the EOT
Despite its subtropical location, the Gulf of Mexico was not insensitive to temperature change across the EOT. Reconstructed SSTs are between 26 ± 2.2 °C and 33 ± 2.2 °C (Fig. 1) , which are warmer than modern (25.8 °C; Rayner et al., 2003) . A pronounced (3-4 °C) reduction in SST occurred in the latest Eocene from 34.0 to 33.7 Ma. This cooling is associated with the "precursor" δ 18 O increase (EOT-1). The signifi cant fall in temperatures recorded in planktic and benthic foraminiferal Mg/Ca and TEX 86 through the latest Eocene supports the hypothesis that EOT-1 was a time of major climatic cooling and corroborates that the fi rst δ 18 O increase was mainly driven by a reduction in temperature and not an expansion of Antarctic ice volume Lear et al., 2008; Pusz et al., 2011) . Still, the EOT-1 culminates in an inferred sequence boundary within the Pachuta Marl Member of the Yazoo Formation designated SB2 (Fig. DR3 in the Data Repository). This suggests that a relatively minor (~25 m) sea-level fall was associated with EOT-1, versus the large (~60-70 m) change associated with Oi-1 (Miller et al., 2009; Pusz et al., 2011) . A similar pattern was also identifi ed in the Priabonian Type Section in northeastern Italy (Houben et al., 2011) .
The magnitude of cooling across the EOT at low and mid latitudes has been contentious. Zanazzi et al. (2007) report an 8 °C cooling in central North America. Liu et al. (2009) found inconsistent cooling for low-latitudes, and Lear et al. (2008) recorded a 2.5 °C cooling in the western Indian Ocean (Tanzania) at EOT-1, but no cooling at Oi-1. At SSQ, we fi nd extensive cooling (3-4 °C) in surface and bottom waters through EOT-1. In the early Oligocene, and associated with the onset of the Oi-1 glaciation (ca. 33.55 Ma), planktic foraminiferal Mg/Ca indicate a further decrease in temperatures of 2 °C (Fig. 1) . Unfortunately the resolution of the TEX 86 record and hiatus at SSQ prevents further constraints on SST change during this interval of major δ
18
O increase. The amount of cooling in the planktic foraminiferal Mg/Ca record across the EOT is inconsistent with the P. naguewichiensis δ
O increase of 0.77‰ (equivalent to a maximum of 3 °C if no change in seawater δ
O is inferred). We attribute additional mechanisms (such as amplifi ed seasonality) to have infl uenced paleotemperatures in the Gulf of Mexico.
Enhanced Seasonality
While the season of growth in extinct populations of planktic foraminifera is unknown, we can infer seasonal preference and/or depth habitat through multispecies stable isotope analysis and comparison with other temperature proxy data. P. naguewichiensis consistently records the most negative δ
18
O in comparison to the rest of the assemblage , suggesting a preference for summer upper mixed-layer calcifi cation. The more positive δ
O values of T. ampliapertura indicate this species either calcifi ed in a deeper mixed-layer habitat or exhibited a cooler season of growth. There is excellent agreement (0.6 °C) between T. ampliapertura Mg/Ca and TEX 86 paleotemperatures, the latter of which are thought to represent mean annual SST (Kim et al., 2010 O offset increases to a maximum of 1‰ at 33.55 Ma (Fig. 1) , indicating a temperature difference between the populations of 4 °C. The divergence in δ
O between these species is associated with an increase in benthic foraminiferal δ 18 O of 1‰ (Fig. 1) . We attribute the deviation in δ 18 O between P. naguewichiensis and T. ampliapertura to refl ect expansion of the thermocline and a much more stratifi ed water column, or a change in seasonal mixed-layer temperatures. From the EoceneOligocene boundary a reduction in mean annual SSTs occurred, while summer maxima remained fairly constant, indicating enhanced seasonality or variations in atmospheric circulation leading to stronger cold continental air masses impacting the region. Our results are consistent with previous studies of otoliths from the Paleogene of the Gulf of Mexico (Ivany et al., 2000) that suggested a 4 °C cooling of winter temperatures and increased seasonality across the EOT.
As the amount of SST change in the Gulf of Mexico may in part be infl uenced by changes in seasonality, it is critically important to separate the global versus regional signals in SST change prior to using these records to determine global ice volume. The planktic foraminiferal δ
O records at SSQ can be directly compared to Tanzania Wade and Pearson, 2008 Some previous studies (e.g., Ivany et al., 2000; Kobashi et al., 2001; Kohn et al., 2004; Grimes et al., 2005; Sheldon, 2009 ) have suggested that temperature did not notably change through the EOT. We fi nd a substantial decrease in SSTs (>3 °C) in the Gulf of Mexico. Our study emphasizes that subtropical temperatures were not consistently warm or stable but reduced signifi cantly during a relatively short interval (EOT-1).
SUMMARY AND CONCLUSIONS
Our SSTs derived from independent organic molecular and foraminiferal based geochemical proxies are remarkably consistent and indicate the Gulf of Mexico was warmer than modern during the EOT. All proxies indicate a substantial drop in SSTs of 3-6 °C through the EOT. Our data support that EOT-1 primarily refl ects cooling. A divergence in interspecifi c planktic foraminiferal δ
18
O values at the E/O boundary indicates changes in surface water conditions and amplifi ed seasonality in the earliest Oligocene, possibly driven by changes in atmospheric conditions resulting in cold, continental air masses impacting the Gulf of Mexico.
